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Introduction
The Tropical Andes region in South America is the most species-rich global biodiversity hotspot, having the highest number and density of endemic animal and plant species in the world (Myers et al. 2000) . Within the Tropical Andes, species richness often peaks at intermediate elevations (e.g., Rahbek 1997; Kessler et al. 2001; Kattan et al. 2004; Hutter et al. 2013 ). Yet the evolutionary and ecological causes of these two striking patterns remain incompletely understood, despite many studies on diversification of Andean lineages (e.g., Kattan et al. 2004; Hall 2005; Hughes and Eastwood 2006; Weir 2006; Santos et al. 2009; Rosser et al. 2012; Hutter et al. 2013; Madriñán et al. 2013; McGuire et al. 2014; Beckman and Witt 2015; De Silva et al. 2015; Chazot et al. 2016) .
Two hypotheses have been suggested to explain spatial richness patterns in general (e.g., Wiens 2011), which can help explain the high species richness of the Tropical Andes and their intermediate elevations: the diversification rate hypothesis and the time-for-speciation hypothesis. The diversification rate hypothesis suggests that faster diversification rates (i.e., speciation minus extinction over time) in clades in some regions and habitats can generate higher species richness relative to other regions and habitats. The time-for-speciation hypothesis (i.e., time-for-speciation effect; Stephens and Wiens 2003) proposes that some regions and habitats have higher richness because they were colonized earlier and therefore have had more time for species to accumulate through in situ speciation. The time-forspeciation and diversification rate hypotheses are not mutually exclusive, as regions and habitats may be species rich because they are both colonized earlier and promote higher diversification rates (e.g., Smith et al. 2007) .
A more specific explanation for high Andean richness is the species attractor hypothesis, which proposes that higher dispersal and colonization rates into the Andes from adjacent lowland regions generate the high species richness of the Andes (Beckman and Witt 2015; Chazot et al. 2016 ). However, it would be difficult to explain the higher richness of the Andes based only on dispersal from adjacent lowlands. If all lowland species simply dispersed into the highlands, richness would be equal across elevations, not higher in the Andes, and there would be no Andean endemics.
Many studies have suggested that diversification rates are accelerated in Andean lineages (e.g., Kattan et al. 2004; Hall 2005; Hughes and Eastwood 2006; Weir 2006; Rosser et al. 2012; Madriñán et al. 2013; Beckman and Witt 2015; De Silva et al. 2015) . However, only one study has explicitly addressed the diversification rate and time-for-speciation hypotheses in explaining the high midelevation richness of the Andes. This study showed that time rather than diversification rates explained this hump-shaped elevational richness pattern in glassfrogs (Centrolenidae; Hutter et al. 2013) . Other studies have found indirect evidence for the time-for-speciation hypothesis in Andean clades but without directly linking this evidence to richness patterns (e.g., colonization of lowlands from Andean ancestors; Elias et al. 2009; Santos et al. 2009 ). Similarly, Chazot et al. (2016) discussed the diversification rate and time-for-speciation hypotheses for a group of predominantly Andean butterflies but did not directly relate their results to richness patterns among elevations in the Andes or among South American biogeographic regions. Overall, direct tests of both of these hypotheses for Andean species richness are still limited, especially across multiple clades and different phylogenetic and geographic scales.
Many ecological and evolutionary factors may influence species richness patterns, but these factors must act on speciation, extinction, or dispersal in order to directly change species numbers (Ricklefs 1987) . Therefore, these other factors likely act through their impact on diversification and dispersal (e.g., Pontarp and Wiens 2017) . For example, various mechanisms have been proposed (but not directly tested) to explain increased diversification rates in the Andes. An important hypothesis is that speciation was recently accelerated by habitat heterogeneity and range fragmentation related to rapid geological and climatic changes caused by the rapid Andean uplift (e.g., in birds : Weir 2006; in butterflies: Hall 2005; Rosser et al. 2012; De Silva et al. 2015; in frogs: Santos et al. 2009 ; in plants: Hughes and Eastwood 2006; . Geological evidence suggests that the Andean uplift began in the late Eocene, ∼40 million years ago (Graham 2009) , with the formation of moderate elevation uplands (∼1,000-1,500 m). The Andean uplift then accelerated more recently, with the majority of the Tropical Andes rising an additional 1,500-2,500 m within the past 10 million years (Garzione et al. 2008 (Garzione et al. , 2014 Parra et al. 2009; Bershaw et al. 2010; Hoorn et al. 2010) . Speciation might be related to changes in elevational distributions of lineages and concomitant shifts in climatic regimes. Adaptation to different climates may form a strong barrier to gene flow between incipient species (speciation through climatic-niche divergence; e.g., Moritz et al. 2000; Hua and Wiens 2013) . Conversely, speciation might occur among populations that inhabit similar elevational zones and climatic regimes, with geographic isolation and allopatric speciation initiated by changing climate that fragments habitats (refugial speciation or speciation via niche conservatism; Moritz et al. 2000; Hua and Wiens 2013; Hutter et al. 2013) . Past studies have shown conflicting evidence for these mechanisms in Andean organisms, with support for climatic niche divergence driving rapid diversification in salamanders (Kozak and Wiens 2010a) but not frogs (Hutter et al. 2013) .
In this study, we use phylogenetic methods to investigate the evolutionary and ecological causes of amphibian richness in the Tropical Andes, both across elevations and relative to other biogeographic regions in South America. The Andes have twice the amphibian richness of the entire Amazonian lowland rain forest ( fig. 1) , with more endemic frog species than any other region in the world (Duellman 1999; Myers et al. 2000) . We focus on the clade Hyloidea, which contains 150% of frog species globally, ∼95% of extant South American frog species, and ∼90% of South American amphibians (AmphibiaWeb 2016). Hyloidea includes many well-known frog families, such as true toads (Bufonidae), glassfrogs (Centrolenidae), poison frogs (Dendrobatidae), and treefrogs (Hylidae). Our study moves beyond our previous work on glassfrogs (Hutter et al. 2013 ) by including multiple clades and multiple regions (not just within the Andes), allowing us to address whether and how the causes of richness patterns change across scales.
We estimate the largest time-calibrated phylogeny for hyloid frogs to date (2,318 species; fig. 2 ) and use phylogenetic methods to test the diversification rate and time-forspeciation hypotheses. We estimate diversification rates across the tree and test for significant increases in Andean lineages. We then test for positive relationships between species richness and diversification rates in different regions and elevations. We also test for positive relationships between richness and colonization times of different biogeographic regions (and elevational zones). Finally, we present the first large-scale test of the hypothesis that increased speciation in the Andes is associated with higher rates of change in elevational distributions among species within clades.
Material and Methods

Time-Calibrated Phylogeny
Detailed methods for estimating the phylogeny are provided in appendix A (apps. A-E are available online) and are briefly described here. Hyloidea contains 3,571 described species, of which 2,488 species and all 19 hyloid families occur in South America (AmphibiaWeb 2016). We estimated a timecalibrated phylogeny for 2,318 species of Hyloidea (including 1,594 South American species, ∼64%) and 14 outgroup taxa. We used published hyloid molecular data from Gen-Bank (stopping August 2014; see table S1 [tables S1-S3, A1,  A2, C1-C5, D1-D5, E1-E3 are available online] for GenBank accession numbers; all supplemental tables are also available from the Dryad Digital Repository: http://dx.doi .org/10.5061/dryad.1555n [Hutter et al. 2017] ). We assessed each locus to ensure that it contained no contaminated sequences and that sequences corresponded to the correct genus/species (for excluded sequences and corrections, see table S2). Compared to a relatively recent large-scale study including 1,537 hyloid species (Pyron 2014) , we increased the number of described hyloid species by 125% to 1,950 described species (55% of Hyloidea, excluding undescribed species). We increased sampling further by including an additional 368 well-supported undescribed species to help account for cryptic diversity.
We estimated a relaxed-clock, time-calibrated phylogeny ( fig. 2 ) using a backbone approach, similar to Jetz et al. (2012) . Specifically, we estimated a time-calibrated backbone tree based on a reduced sampling of 158 relatively complete taxa and eight fossil constraints, estimated separate ultrametric trees within each family, and then combined the backbone and family-level trees to generate the overall phylogeny of 2,318 species. We estimated the backbone phylogeny in BEAST (ver. 1.8; , using a supermatrix of 13 nuclear and 7 mitochondrial markers. The backbone tree included one species per genus (158 genera with 14 outgroups). The percent completeness of species in the data matrix (i.e., percentage of nonmissing data cells) for each family-level analysis ranged from 27% to 70% (mean across all included species in each family) and was 54.3% for the backbone analysis. These levels of missing data need not be problematic for divergence time and topology estimation with BEAST (Zheng and Wiens 2015) . The mean alignment length for nonmissing data across all family-level alignments was 3,705:1 5 2,721:2 base pairs (range: 259-15,084) with a mean of 5:2 5 3:8 (range: 1-19) genes included per species. The mean alignment length for nonmissing data in the backbone alignment was 7,411:5 5 2,923:6 (range: 1,178-15,084) with a mean of 10:3 5 3:9 (range: 2-19) genes per species (see app. A for sampling summary).
We chose eight well-justified primary fossil calibrations to establish minimum ages of extant clades, generally following the criteria suggested by Parham et al. (2012; see app. A for details). When a fossil taxon could be confidently assigned to an extant clade (e.g., a genus) but was of uncer- tain phylogenetic placement within that clade, we used the fossil to provide a minimum age for the split between that clade and its sister taxon (stem group age). Following standard practice, calibrations were set to a lognormal distribution because a fossil can establish the minimum age of a clade but the clade could be substantially older (see app. A).
We estimated divergence times separately within strongly supported families (sensu Pyron and Wiens 2011) using all sampled species in each family. We rescaled the root age of each family tree to match the backbone tree such that the complete tree remained ultrametric. Finally, we grafted these family trees onto the backbone tree. Using this strategy, between-family divergence times were based on the fossil-calibrated backbone analysis, and within-family divergence times were based on uncalibrated relaxed-clock analyses that maximized taxon sampling. All alignments and trees have also been deposited in Dryad: http://dx.doi .org/10.5061/dryad.1555n (Hutter et al. 2017) .
The estimated tree was largely congruent with other recent, large-scale hypotheses of hyloid relationships (e.g., Figure 2 : Phylogeny, estimated divergence times, diversification rates, and ancestral elevational distributions for 2,318 species of hyloid frogs. A, Diversification rate regimes (and rate changes through time) plotted on the phylogeny. B, The same tree, with colored branches showing the general elevational distributions for reconstructed nodes for illustrative purposes (analyses are based on reconstructions of continuous trait values). In A, the gray circles are significant diversification rate shifts and are sized according to their marginal probability; those with numbers correspond to Andean clades. The five numbered pictures below the trees show representative species from these five major Andean clades. The down arrow shift represents a diversification slowdown in Cycloramphidae. In B, the mountain symbol indicates major Andean colonization events (1900 m). The 10 family-level clades used for downstream analyses on the phylogeny are labeled. Confidence intervals on divergence times and posterior probabilities of clades are provided in appendix A. Photo credits: (1) Nymphargus grandisonae and (4) Pristimantis pteridophilus by C. R. Hutter; (2) Atelopus longirostris and (5) Gastrotheca pseustes by Alejandro Arteaga; and (3) Telmatobius pisanoi by William E. Duellman. Pyron and Wiens 2011; Pyron 2014 ). The main difference involved the position of Dendrobatidae. Therefore, we also performed phylogeny-based comparative analyses on a second tree, which was constrained to provide a closer match to previous hypotheses regarding the placement of Dendrobatidae (see "Supplemental Appendix," available online, for detailed methods and results). Results were very similar between trees, and all analyses reported here are from the unconstrained tree. This comparison also suggests that further changes in the phylogeny should have limited impact on our phylogeny-based conclusions.
Quantifying Richness Patterns
We compiled species geographic distributions and elevational ranges from the Global Amphibian Assessment (GAA) of the International Union for Conservation of Nature (IUCN 2014) to quantify richness for (1) major biogeographic regions and (2) elevational zones in the Andes (distributional data included as table S3). We assembled data for species not present in the GAA from the original species descriptions (available in AmphibiaWeb 2016). We also performed separate analyses of elevational richness patterns within 10 clades ( fig. 2 ; table 1) that collectively included 91% of South American hyloid species (app. B). These clades are distributed primarily in the Andes or South American lowlands and not in non-Andean highland regions (e.g., high elevations of the Atlantic Forest region and the tepuis of the Guiana Shield). We defined species occurring from 0-900 m as lowland, from 800-6,000 m as Andean, and those simultaneously occurring !800 m and 1900 m as both. These limits were based on the average lower limit of Andean montane forests (Hooghiemstra et al. 2006; Hoorn et al. 2010) . The 100-m overlap was added to prevent coding species as both due to extremes in their distributions. Based on our data, no species are distributed exclusively between 800 and 900 m.
Seven standard biogeographic regions within South America were used: Amazonia, Tropical Andes, Atlantic Forest, Choco, Cerrado (including Caatinga), Guiana Shield, and temperate South America ( fig. 1 ). These regions largely followed Duellman (1999) , who identified regions based on patterns of frog endemism. We acknowledge that seven regions may not be a large sample size for these analyses, but our regression results (see below) show that there is sufficient power to obtain significant results with only six regions. Furthermore, these seven regions already encompassed all of South America and so it would be impossible to increase the sample size without subdividing one or more regions. We do not think that there is strong bio- geographic justification for this. Thus, subdividing these regions would likely pseudoreplicate one or more of the existing data points, at least to some extent.
To determine each species' regional occurrence, we used distribution maps from the GAA (minimum convex polygons) to calculate the number of species present in each region. We assessed each species individually to ensure that it actually occurred in each assigned region (see app. B for details on data quality assessment). We then summed the number of species occurring in each biogeographic region to estimate its richness. We strongly prefer to use distribution maps to infer richness patterns rather than species distribution models (SDM), since the latter approach might predict that species occur in regions where they are actually absent, due to dispersal barriers, species interactions, and other factors that might limit species ranges. SDMs are known to generally overpredict species ranges in amphibians, especially in the Neotropics (Munguía et al. 2012) .
To estimate elevational richness patterns in the Tropical Andes, we summed the species present in each band. We used 500-m bands (0-6,000 m), following standard practice (e.g., Rahbek 1997; Kozak and Wiens 2010b; Hutter et al. 2013 ). We excluded species from non-Andean montane regions in these estimates.
Diversification Rate Hypothesis
We estimated diversification rates using a diversity of approaches (apps. C, D), including Bayesian analysis of macroevolutionary mixtures (BAMM 2.5, Nov. 2015; Rabosky 2014), method-of-moments estimators of net rates (Magallón and Sanderson 2001) , and the geographic state speciation and extinction (GeoSSE) model (Goldberg et al. 2011 ). Different approaches gave largely concordant results. In the main text, we present results primarily from BAMM but caution that this approach may have serious issues (Moore et al. 2016) . We emphasize that alternative methods generally gave congruent results.
BAMM samples models with differing numbers and types of rate regimes. Rate regimes are areas of the tree sharing the same model parameters (e.g., for diversification rate). BAMM identifies areas of the tree with strong support for a regime shift (significant increases or decreases in rates). We also used BAMM to estimate rates of change in species' elevational midpoint (see below). We estimated rates and the best number of rate shifts and their configurations relative to a null model using Bayes factors scores as selection criteria (see app. C for additional details).
Incomplete phylogenetic taxon sampling may bias some rate estimates, which we address by (a) using a correction for incomplete sampling (% actual species included), (b) sampling species randomly, and (c) including 150% of species from each targeted clade (FitzJohn et al. 2009 ). However, given that levels of taxon sampling might differ among genera (leading to nonrandom sampling globally), we estimated the sampling fraction for each genus separately. For trait analyses in BAMM, incomplete sampling is not corrected for but should not be problematic if species were sampled randomly with respect to their traits (Rabosky 2014) . In support of the assumption of random sampling, the number of species in each elevational zone that were included in the phylogeny was strongly correlated with the total estimated species richness in each zone (Spearman's rank: r s p 0:979; P ! :001).
We tested the diversification rate hypothesis by first estimating mean diversification rates (among species) for each biogeographic region and elevational zone based on the estimated diversification rate for each species (i.e., the rate regime they were assigned to in BAMM). To estimate the overall diversification rate of a region or zone, we calculated the mean rate across all phylogenetically sampled species that occur in each region or elevational zone.
We then used ordinary least squares (OLS) regression in R (ver. 3.1; R Core Team 2016) to test the hypothesis that diversification rates predict species richness among regions and elevational zones. A positive relationship between richness and diversification rates would support the diversification rate hypothesis. For the elevational analyses, we included only family-level Andean clades (see definition below), as the non-Andean clades were typically not distributed across elevations within the Andes. We did not perform a phylogenetic correction here, given that there is no single phylogeny connecting elevational zones and regions.
To further test the robustness of these results, we performed two alternative sets of analyses. First, we directly estimated the net diversification rate for each genus using the clade-based method-of-moments estimator (Magallón and Sanderson 2001) and then estimated mean diversification rates for each region and elevational zone (using 500-m bins). We estimated the rate for each region by assigning each species the clade-based rate for its genus and calculating the mean rate for the region based on the genus-level rate and the number of species in each genus present there. We next found the diversification rate for each elevational zone by calculating the mean of the clade-based rates of all the genera that have a mean elevational distribution within that zone. The mean elevational distribution of a genus was based on the mean of the elevational midpoints of all the species it contained (see app. D for details). We then tested the relationships between mean diversification rates and richness of regions and elevational zones. Second, we used the state-dependent speciation and extinctionbased method, GeoSSE, to calculate geography-dependent speciation and extinction rates for two regions (Andean and lowland; elevational limits defined above) and test for a significant difference (Goldberg et al. 2011) . Again, these results (app. D) were generally consistent with those from BAMM (but see below).
We also tested whether there was a general relationship between the elevation where clades occurred and their diversification rates (e.g., higher rates at higher elevations). To test the relationship between diversification rates and elevational distributions of genera, we used the mean elevational distribution of each genus as described above. We extracted diversification rates for species from BAMM posterior rate distributions and used the mean across species for each genus. We then found the best-fitting evolutionary model for elevational distributions for the genus-level phylogeny, comparing the white noise, Brownian motion, Ornstein-Uhlenbeck, and l models based on their Akaike information criterion (AIC) values using the function fitContinuous in the R package geiger (ver. 2.0; Pennell et al. 2014 ; details in app. C). We transformed the branch lengths of the phylogeny to match that best-fitting model and used phylogenetic generalized least squares (PGLS) regression (Martins and Hansen 1997) to test whether diversification rates of genera are positively related to the occurrence of their species at higher Andean elevations. PGLS regression was performed using the R package ape (ver. 3.0; Paradis et al. 2004 ).
Time-for-Speciation Hypothesis
The time-for-speciation hypothesis predicts a positive relationship between current richness of regions and/or habitats and the time elapsed since they were first colonized. We estimated colonization timing for biogeographic regions using the likelihood-based method BioGeoBEARS (Matzke 2013) . We constrained dispersal to occur only between adjacent regions (e.g., Andes to Atlantic Forest requires dispersal through Amazonia). In an additional analysis, we also included constraints on the inferred timing of colonization of the Andes to prevent them from being colonized before their first uplift 40 million years ago (full methods in app. E).
To infer the timing of colonization of different elevational bands, we first coded each species with their elevational midpoint. We then found the best-fitting evolutionary model for the data (lowest corrected AIC) on the species-level phylogeny as described above (i.e., Brownian motion, l, Ornstein-Uhlenbeck, white noise; using fitContinuous in geiger). We then transformed the branch lengths of the phylogeny to match that best-fitting model and used PGLS ancestral reconstruction in ape to estimate ancestral elevational midpoints across the tree. For these analyses, we assumed that we were estimating the general habitats that ancestral species inhabited rather than their ancestral elevations per se (i.e., montane forests have shifted in elevation over time; Hoorne et al. 2010) and that the organismal traits underlying these distributions are phylogenetically heritable (e.g., physiology, behavioral habitat selection). This latter assumption is supported by the strong phylogenetic signal in species' elevational distributions (for elevational midpoints, Pagel's l p 0:889).
Using these reconstructions, we estimated the timing of the first colonization of each region and elevational band (i.e., the age of the oldest node occurring in a region or 500-m band). We acknowledge that clade ages are rarely known with certainty, but for these analyses we are not interested in the absolute colonization times but rather in the relative times (e.g., whether highland habitats were colonized before lowlands). We then used OLS regression to examine the relationship between current species richness (ln transformed) of each region and elevational band and the time when that region or band was first colonized (additional details in app. E). The use of OLS regression, ln-transformed richness, and the ages of first colonization are all standard approaches for analyses of the time-forspeciation hypothesis (e.g., Hutter et al. 2013 ).
Species Attractor Hypothesis
We also tested the species attractor hypothesis as a possible explanation for high Andean species richness. To support the species attractor hypothesis, we would expect to find more dispersal events from the lowlands to the Andes (elevational limits defined above) than vice versa and that more species in the Andes are descended from recent lowland dispersal than vice versa. We first used the biogeographic reconstructions (see above) to estimate dispersal events between the Andes and the lowlands. We considered only dispersal events in the past 40 million years because the Andes did not exist prior to this time (Graham et al. 2009 ). The dispersal events included were those that resulted in at least one extant species remaining in the region originating from that dispersal event. Finally, we summed the number of extant species on the phylogeny descended from these dispersal events, such that we had a total number of Andean species descended from lowland ancestors and a total number of lowland species descended from Andean ancestors.
We also used GeoSSE (see above and app. C for methods) to calculate dispersal rates between the Andes and lowland regions. To support the species attractor hypothesis, the best-fitting GeoSSE models should have higher dispersal rates from the lowlands to the Andes than vice versa.
Drivers of Andean Speciation
We also used PGLS to test whether diversification rates of genera are positively related to rates of change in elevational Explaining Andean Species Richness 000 distributions, as predicted if Andean speciation was driven by shifts in elevational distributions of Andean taxa. The methods generally followed those described above (see "Diversification Rate Hypothesis"). Rates of diversification and rates of change in elevational midpoints were estimated using BAMM, and the relationship between these variables among genera across Hyloidea and within each family-level clade was tested using PGLS. We also performed these analyses across Hyloidea and within each family-level clade using the method-of-moments estimator to obtain diversification rates for genera, as described above (see app. D for additional details).
The PGLS approach might be problematic if rates from BAMM were significantly autocorrelated due to shared rate regimes among related species; however, this is partially addressed by summarizing rates for genera and not species (Rabosky et al. 2013 ). Additionally, we also used a permutation test to generate a null distribution of Fstatistics in R among genera across Hyloidea. We shuffled rates of change in elevational midpoints among genera and collected F-values from PGLS for each of these shuffled data sets. We compared the observed F to the null distribution of F and calculated a P value by finding the percentage of random F values greater than the observed F.
Results
Quantifying Richness Patterns
South American lowlands (below 900 m) collectively contain 1,583 hyloid species. The Tropical Andes have 1,260 hyloid species (app. B; table S3). The highest elevational richness across all regions is in lowlands from 0 to 500 m, whereas the highest Andean richness is at 1,500-2,000 m ( fig. 3A) . Analyses of within-family elevational richness patterns among 10 focal clades (predominantly Andean or lowland) show that five clades (Bufonidae, Centrolenidae, Hemiphractidae, Pristimantinae [subfamily of Craugastoridae], and Telmatobiidae) all have peaks in species richness at midelevations in the Andes (table 1; fig. 3B ). The strong peaks in Pristimantinae and Centrolenidae drive much of Andean midelevation richness, whereas other clades have lower richness and/or weaker peaks. We refer to these five clades hereafter as Andean clades.
Diversification Rate Hypothesis
Analysis of diversification rates across the phylogeny of South American hyloid frogs using BAMM detected nine significant shifts (eight increases, one decrease) in diversification rates ( fig. 2 ). Five rate increases are located within the five Andean clades: Centrolenidae, Atelopus (Bufonidae), Gastrotheca (Hemiphractidae), Pristimantis (Pristimantinae), and Telmatobius (Telmatobiidae). The remaining three rate increases correspond to (i) colonization of the Atlantic Forest by Rhinella (Bufonidae), (ii) colonization of the Caribbean by Eleutherodactylus (Eleutherodactylidae), and (iii) the base of Hemiphractidae and Terrarana (Brachycephalidae, Ceuthomantidae, Craugastoridae, Eleutherodactylidae). The single rate decrease is found in Cycloramphidae, a small family in the Austral clade from the Atlantic Forest region of southern South America. No shifts corresponded to lowland colonization. Non-Andean highlands Figure 3 : Elevational species richness patterns for South American hyloid frogs (A) and the five major hyloid clades (B) that show a peak in species richness at higher elevations within the Andes. Note that all five of these clades have had a significant increase in diversification rates (see fig. 2 ). The gray portion of the graph indicates species richness of frogs in higher-elevation habitats outside the Andes (e.g., portions of the Guiana Shield, Atlantic Forest, and temperate South America).
The Andes have the highest mean diversification rate and the highest species richness among the seven largescale biogeographic regions. Despite this, we did not initially find a significant relationship between mean diversification rates of species within regions and regional species richness, using BAMM-estimated rates and OLS regression (n p 7 biogeographic regions; R 2 p 0:309; P p :195; fig. 4A ). However, these results were strongly influenced by a single data point (the Atlantic Forest region), which had low rates and high richness. When that data point was removed, the relationship was extremely strong (n p 6; R 2 p 0:954; P ! :001). Conversely, after removing only the Andes the relationship remained nonsignificant and weak (n p 6; R 2 p 0:107; P p :523). Thus, the Atlantic Forest was apparently an outlier rather than the Andes.
Results were more straightforward using the methodof-moments estimator to estimate diversification rates of genera and regions. We found significant, positive OLS relationships between the diversification rate and current species richness of each region (using ln-transformed rates and richness) for all values of ε and for both crown-age and stem-age rate estimates (n p 7 biogeographic regions; R 2 p 0:819-0:880; P p :002-:005; see app. D for full results). Thus, the unusual results for the Atlantic Forest region may have been an artifact of using BAMM (i.e., Atlantic Forest clades tend to be in low-rate regimes), since the clade-based estimators include all rate differences rather than only significant rate differences (i.e., from BAMM). Overall, these results show that diversification was exceptionally fast in Andean lineages and that this faster diver- sification rate may help explain the high species richness of the Andes relative to other South American regions.
The two best-fitting models from GeoSSE supported the hypothesis that Andean lineages have higher diversification rates. Speciation rates in the Andes were significantly higher than in lowland South American regions for the best model (Andes: 0.077 species/myr; lowlands: 0.060; species in both regions: 0.019; see app. D for full results with parameter estimates). Extinction rates were lower in the Andes (Andes: 0.003 species/myr; lowlands: 0.006). Thus, net diversification rates (speciation 2 extinction) were significantly higher in the Andes. Furthermore, the secondbest model (DAIC p 2:0 from the optimal model) was nearly the same but with equal extinction rates between regions. Importantly, when comparing the two best models to models in which speciation rates were equal between the Andes and lowlands, the AIC difference was 10 or greater (app. D). Overall, these results further support the hypothesis that increased diversification rates explain high Andean richness.
In contrast, we found that accelerated diversification rates within Andean clades did not explain patterns of elevational species richness within the Andes. We estimated the mean diversification rate of species within each elevational band. Surprisingly, we found a strong negative relationship between the mean diversification rate of species within an elevational band and the band's species richness using OLS regression (n p 11; R 2 p 0:728; P ! :001; fig. 4C ). This result strongly rejects the diversification rate hypothesis for elevational richness patterns within the Andes, given that bands with the lowest richness have the highest rates. Additionally, we tested for a positive relationship between BAMM-estimated diversification rates and current species richness of each 500-m band using OLS regression for each of the 10 smaller-scale focal clades that have species distributed in the Andes. We did not find a significant relationship for most clades tested (R 2 p 0:008-0:145; P p :221-:925; see app. C for full results), except Hemiphractidae (R 2 p 0:689; P p :043). Overall, these results do not support the hypothesis that diversification rates explain family-level Andean richness patterns.
We also tested for a relationship between the current Andean elevational midpoints of genera (excluding nonAndean montane species) and their BAMM-estimated diversification rates extracted for each genus. The relationship was not significant using PGLS regression (n p 104; B 0 p 1,020:5; B 1 p2 770:0; R 2 p 0:011; P p :357).
Time-for-Speciation Hypothesis
We found a nonsignificant relationship between colonization time and current richness for the seven regions across South America, using both constrained (i.e., ancestral regions only colonized after they appear) and unconstrained biogeographic reconstructions, respectively (R 2 p 0:012 and 0.352; P p :815 and .161; fig. 4B ). These results further support our conclusion (see above) that patterns of richness among these regions are explained by diversification rates and not by colonization time.
To address the causes of the midelevation peak in Andean richness, we tested for a relationship between colonization time and current species richness of each 500-m band using OLS regression and found a strong, positive relationship (R 2 p 0:629; P ! :001; fig. 4D ). Additionally, we found a positive relationship between richness and colonization times of elevational zones within most lowland (n p 4=5) and Andean (n p 5=5) clades tested (R 2 p 0:534-0:927; P p :001-:037; see app. E for full results), except for the predominantly lowland Phyllomedusinae (R 2 p 0:681; P p :175). Thus, these results support the idea that time generally explains richness patterns at smaller phylogenetic scales and that diversification rates do not (see above). Importantly, all five clades that have Andean richness peaks (see above; fig. 3B ) support the time-for-speciation hypothesis within the Andes.
Species Attractor Hypothesis
The species attractor hypothesis predicts that the Andes are species rich because they are a sink for dispersal from adjacent regions ( fig. 1) . Our results do not support this hypothesis (table 2) . Using likelihood reconstructions of biogeographic regions, we estimate that ∼40% of lowland species are descended from Andean lineages, whereas only ∼20% of Andean species are descended from lowland ancestors (note that the remaining ∼80% of Andean spe- Note: "Total richness" refers to the total number of species in the colonized region that descended from these colonization events. "Proportion of richness" gives the number of species derived from these colonization events divided by the total number of species in the region. cies are descended from older colonization events into the Andes). Additionally, the number of colonization events from the Andes to the lowlands was ∼40% higher than those from the lowlands to the Andes (84 events from the Andes to the lowlands; 51 events from the lowlands to the Andes; table 2). These results are also consistent with the dispersal rates between regions (Andes vs. lowlands) estimated by GeoSSE (see app. D), with the dispersal rate from the Andes to the lowlands ∼4 times higher than the rate of dispersal from the lowlands into the Andes (from Andes: 0.019 events/ myr; from lowlands: 0.005 events/myr). Together these results suggest that the Andes have not acted as a species attractor for hyloid frogs.
Drivers of Andean Speciation
If rapid Andean speciation is caused by changes in elevational distributions of species, then we expect increases in diversification rates in Andean clades to be associated with increases in rates of change in elevational distributions among species in Andean clades. We detected 17 significant increases in rates of evolution for elevational distributions across the entire hyloid tree, with three shifts corresponding to Andean clades: Atelopus (Bufonidae), Pristimantis (Pristimantinae), and Telmatobius (Telmatobiidae; see app. C). Furthermore, we found a significant, positive relationship between rates of change in elevational distributions and diversification rates of genera using PGLS regression (n p 102; B 0 p 25,124; B 1 p 181,388; R 2 p 0:032; P ! :001). Although the variation in diversification rates that is explained by rates of elevational shifts is small, this significant result is nevertheless supported by permutation tests (P p :014) and by clade-based rate estimation using the method-of-moments estimator (see apps. C, D). Importantly, despite this weak relationship across all families, results within some Andean family-level clades showed strong, significant relationships between diversification rates and rates of change in elevational distributions across many analyses (see apps. C, D for full results). Furthermore, rates of change in elevational distributions explained 150% of the variation in diversification rates in the two most important clades driving the Andean midelevation diversity peak (Centrolenidae and Pristimantinae; fig. 3B ). These results support the idea that rapid elevational shifts are associated with at least some of the rapid speciation in Andean lineages.
Discussion
The Tropical Andes are the most species-rich biodiversity hotspot on Earth (Myers et al. 2000) , but the causes of this high biodiversity have remained unclear. Here, we compare the diversification rate and time-for-speciation hypotheses in hyloid frogs, a group including most South American amphibians. Our results show that the diversification rate and time-for-speciation hypotheses are both important for explaining high Andean richness but at different phylogenetic and spatial scales. We suggest that these scale-dependent patterns may be a widespread but underappreciated property of biodiversity gradients. Our results also have implications for Amazonian richness and speciation mechanisms in the Andes.
Scale-Dependent Causes of Andean Richness Patterns
Our results show the importance of diversification rates for explaining high Andean species richness at large spatial and temporal scales and the importance of time at smaller scales. The diversification rate hypothesis is supported across South American regions (e.g., the Tropical Andes have the fastest rates and highest richness; fig. 4A ) but not at a smaller scale among Andean elevational zones ( fig. 4C ). Additionally, within most families, diversification rates are also decoupled from elevational richness patterns, showing no significant relationships. At this smaller scale within the Andes, we instead find the highest diversification rates at the highest Andean elevations, which have the lowest species richness ( fig. 4C ). This pattern might occur for various reasons, such as the absence of other lineages in high-elevation habitats (i.e., rapid speciation due to ecological opportunity) and/or because of recent glaciation within the past ∼1-2 million years driving rapid vicariant speciation (Hooghiemstra and van der Hammen 2004) . This latter pattern has also been suggested in other organisms (plants: Hughes and Eastwood 2006; birds: Weir 2006; glassfrogs: Hutter et al. 2013) . In contrast, the time-for-speciation hypothesis is supported for elevational zones in the Andes ( fig. 4D ), both among and within families. Even though our results show the importance of diversification rates at large scales, they also illustrate the dangers of considering only diversification rates when addressing the causes of richness patterns and ignoring the effect of time. Our results also illustrate the need to ensure that variation in diversification rates is actually aligned with patterns of species richness.
Species Attractor Hypothesis and Amazonian Diversity
Our results do not support the species attractor hypothesis (Beckman and Witt 2015; Chazot et al. 2016) , the idea that dispersal into the Andes is the main cause of high Andean species richness. Instead, our results for frogs show that the Andes have been an important source of lowland diversity, as suggested previously for dendrobatid poison frogs (Santos et al. 2009 ) and clearwing butterflies (Elias et al. 2009 influx of Andean clades into western Amazonia, which may offer a partial explanation for the relatively high richness of western Amazonia in many groups of organisms (Hoorn et al. 2010) . We also find that most dispersal into western Amazonia occurred within the past 12.4 million years (table 2) . These results are also consistent with the hypothesized presence of a large lake system in western Amazonia (Pebas system) created by the Andean uplift and reversal of the Amazon River ∼10-23 million years ago (Shephard et al. 2010; Antonelli and Sanmartín 2011) . We speculate that the Pebas system may have acted as a barrier to dispersal between the Andes and Amazonia, and when the lake drained, suitable habitat became available for Andean lineages to colonize western Amazonia. Specifically, the removal of this barrier may explain why so many Andean lineages appear to have colonized western Amazonia over such a brief time period (table 2) . These results are in contrast to other studies, which have suggested that speciation occurred in the Pebas system and that taxa then dispersed into the Andes recently (within the past ∼15 million years), increasing Andean richness (Hall 2005; Moonlight et al. 2015; Chazot et al. 2016 ).
Mechanisms of Andean Speciation
Our results also address the mechanisms that drive speciation in the Andes. Here, we tested for the first time (to our knowledge) the relationship between diversification rates and rates of change in elevational distributions. We found a general association between bursts of diversification and elevational shifts ( fig. 2 ) and a significant but weak relationship across all hyloids. Most importantly, we found strong relationships between rates of diversification and elevational change within the two most speciesrich, family-level Andean clades (Centrolenidae and Pristimantinae). These results suggest that speciation in the Andes could be partly driven by the rapid Andean uprising (Graham 2009; Parra et al. 2009; Garzione et al. 2014) and lineages shifting elevational distributions, possibly leading to incipient species isolated by occurrence in habitats with divergent climates (e.g., Moritz et al. 2000; Hua and Wiens 2013) . Whether these rates of change in elevation distributions correspond directly to changes in species climatic niches remains to be tested for these clades, although this relationship was supported in Andean glassfrogs (Hutter et al. 2013) . Our results do not rule out the importance of other mechanisms driving Andean speciation overall, such as allopatric splitting through niche conservatism (as suggested for Andean glassfrogs; Hutter et al. 2013) . Nevertheless, our results show that shifts in elevational distribution explain substantial variation in diversification rates within at least two major Andean frog clades.
How Widespread Are the Patterns of Scale Dependence?
We speculate that the scale-dependent patterns highlighted in our study may be a widespread property of diversity gradients, with patterns at smaller scales explained by time and those at larger scales explained by diversification rates. This idea has been suggested by previous authors (Rabosky 2009; ) and supported by simulations (Pontarp and Wiens 2017) but not explicitly tested empirically. Our results from South American frogs strongly support this idea, with large-scale analyses comparing the Andes to other regions supporting the role of diversification in driving high Andean richness but finer-scale analyses of clades within the Andes supporting the importance of time (fig. 4) . This scale dependence could also explain why many studies at smaller phylogenetic scales support time as the explanation for higher montane richness and generally do not support diversification rates (e.g., Wiens et al. 2007; Li et al. 2009; Kozak and Wiens 2010b; Hutter et al. 2013 ; but see Smith et al. 2007 , which supported both time-for-speciation and diversification rates). Studies of other diversity gradients at smaller phylogenetic scales have also supported the importance of time (e.g., aridity gradients in a family of North American lizards; Wiens et al. 2013) .
We speculate that this hypothesis of scale dependence may also explain the conflicting results of studies on the latitudinal diversity gradient Pontarp and Wiens 2017) , with some studies showing the importance of diversification rates and others supporting the role of time (e.g., Wiens et al. 2006 Wiens et al. , 2009 Soria-Carrasco and Castresana 2012; Pyron and Wiens 2013; Rolland et al. 2014) . For amphibians and mammals, these conflicting results can be explained by differences in phylogenetic scale. In amphibians, studies that support diversification rates span all or most amphibian clades (Wiens 2007; Pyron and Wiens 2013) , whereas those supporting time are at smaller phylogenetic scales (e.g., within families: Wiens et al. 2006 Wiens et al. , 2009 . Similarly, analyses across mammals support diversification rates as the major cause of the latitudinal diversity gradient (Rolland et al. 2014) , whereas analyses within mammalian genera do not (Soria-Carrasco and Castresana 2012).
The causes of this scale dependence are not yet fully understood. Simulations show that richness will initially be highest in the habitats where a clade originates, even if those habitats do not strongly promote diversification (Pontarp and Wiens 2017) . Over time, habitats that strongly promote diversification eventually come to have the highest richness. We suggest that time can be more important for short timescales because the time frame of dispersal could be much shorter than that of speciation. For example, a strong richness gradient could arise from recent dispersal of a single species from high-richness habitats to previously uncolonized habitats, and this could occur over mere de-cades. In contrast, differences in richness due to variation in diversification rates may primarily operate under longer timescales because significant lineage accumulation from speciation typically requires much longer periods of time (e.g., tens of millions of years: Wiens et al. 2006 Wiens et al. , 2007 Wiens et al. , 2009 Smith et al. 2007; Kozak and Wiens 2010b; Hutter et al. 2013) . Additionally, in habitats with low net diversification rates, historical extinction could make it more difficult for species richness to accumulate across longer timescales (Miller and Wiens 2017) .
Conclusions
In summary, our study sheds light on the origins of the exceptional biodiversity of the Tropical Andes relative to other South American regions and on the origins of elevational richness patterns within the Andes. Our results support both the diversification rate and time-for-speciation hypotheses but show that these hypotheses apply at different phylogenetic and geographic scales (diversification rates at larger scales, time at smaller scales). Our study may be the first empirical analysis to directly compare these two hypotheses across different scales. Based on our study (and other simulation and empirical results), we speculate that the dichotomy between the importance of time and diversification rates at different scales might be a widespread phenomenon. A greater appreciation for this scale dependence may help reconcile the conflicting results of many previous studies of richness patterns across clades, habitats, and regions.
